It is now well established that vasotocin (AVT) and its mammalian homologue vasopressin influence various social behaviors in vertebrates, but less is known about the mechanisms through which these peptides modulate behavior. In male roughskin newts, Taricha granulosa, AVT stimulates a courtship behavior, amplectic clasping. Three general explanations for how AVT affects male courtship behavior have been considered: by enhancing a central state of sexual motivation, by affecting sensorimotor integration mechanisms in individual sensory modalities, or by influencing a nonspecific state of attention, arousal, or anxiety. AVT administration enhanced appetitive responses to visual and olfactory sexual stimuli, as would be expected if AVT affects a state of sexual motivation that affects behavioral responses to sexual stimuli regardless of the sensory modality in which they are processed. However, AVT selectively enhanced responses to female olfactory stimuli (sex pheromones), but similarly enhanced responses to female and food-related visual stimuli (worms), thus questioning the utility of such a motivational mechanism, as responses to female stimuli were not selectively enhanced in all sensory modalities. We therefore propose that exogenous AVT independently influences olfactory processes associated with orientation/attraction toward a female sex pheromone and visual processes associated with orientation/attraction toward a visual feature common to females and worms. In further experiments AVT administration failed to stimulate feeding behavior but did decrease locomotor activity. Thus, AVT does not stimulate courtship behavior in this species by enhancing the animals' general state of attention or by decreasing general anxiety, as responses to nonsexual, attractive stimuli were not uniformly enhanced, nor by stimulating general arousal, as activity levels did not increase. Rather, the data support the conclusion that AVT affects courtship by influencing specific sensorimotor processes associated with behavioral responses to individual releasing stimuli, which suggests a mechanistic framework for understanding socially motivated behavior is this species. © 2000 Academic Press Key Words: vasotocin; vasopressin; social behavior; visual; pheromone; amphibian.
In addition to having various effects on peripheral physiology, arginine vasotocin (AVT) and its mammalian homologue arginine vasopressin (AVP) act as central neuromodulators that regulate social behavior in vertebrates. AVT affects reproductive behaviors in fish (Pickford and Strecker, 1977) and amphibians (Boyd, 1994; Diakow, 1978; Marler, Chu, and Wilczynski, 1995; Moore and Zoeller, 1979; Moore and Miller, 1983; Penna, Capranica, and Somers, 1992) and reproductive and aggressive behaviors in birds (including song; Castagna, Absil, Foidart, and Balthazart, 1998; Goodson, 1998a, b; Goodson and Adkins-Regan, 1999; Maney, Goode, and Wingfield, 1997; Voorhuis, De Kloet, and De Wied, 1991) . In mammals, AVP stimulates scent-marking behaviors (Ferris, Albers, Wesolowski, Goldman, and Luman, 1984; Ferris, Pollock, Albers, and Leeman, 1985; Winslow and Insel, 1991) and overt aggression (Ferris, Melloni, Koppel, Perry, Fuller, and Delville, 1997; Ferris and Potegal, 1988; Winslow, Shapiro, Carter, and Insel, 1993) , as well as parental (Wang, Ferris, and De Vries, 1994) , affiliative , and sexual behaviors (Bohus, 1977) .
With the importance of AVT/AVP for the regulation of social behavior thus well established, research has begun attempting to more clearly elucidate the mechanisms associated with the peptide's ability to influence interactions among individuals. AVT/AVP could influence central motivational states that broadly affect the tendency of an animal to approach or respond to functionally related social stimuli (e.g., sexual ones; Bohus, 1977; Chu, Marler, and Wilczynski, 1998) . Alternatively, the peptide could influence specific sensorimotor mechanisms, potentially affecting the processing of species-specific social releasing stimuli (e.g., auditory stimuli, Boyd, 1994; olfactory stimuli, Engelmann, Wotjak, Neumann, Ludwig, and Landgraf, 1996; Young, Nilsen, Waymire, MacGregor, and Insel, 1999) or modulating species-specific stereotypical motor output patterns (Pickford and Strecker, 1977; Goodson and Bass, 2000) . Finally, AVT/AVP might affect social behavior as a secondary consequence of influences on general processes of attention (Bunsey, Kramer, Kesler, and Strupp, 1990) , arousal (Pietrowsky, Braun, Fehm, Pauschinger, and Born, 1991) , or anxiety. (Landgraf, Gerstberger, Montkowski, Probst, Wotjak, Holsboer, and Engelmann, 1995; Liebsch, Wotjak, Landgraf, and Engelmann, 1996) .
The roughskin newt, Taricha granulosa, is a powerful model system in which to study the mechanisms through which AVT influences social behavior. In this species intraperitoneal and intraventricular AVT administration enhance male amplectic clasping, and centrally administered AVT antagonists block this courtship behavior (Moore and Zoeller, 1979; Moore and Miller, 1983) . AVT content in the optic tectum is sexually dimorphic and varies seasonally with the expression of courtship behavior (Zoeller and Moore, 1986) . Additionally, there are sexually dimorphic populations of AVT cells in the amygdala, the bed nucleus of the stria terminalis (BNST), and the anterior preoptic area (Moore, Richardson, and Lowry, 2000) , brain areas involved in the regulation of sexual behaviors in vertebrates. Together, these findings indicate that endogenous AVT in the brain of male roughskin newts is critically involved in the regulation of courtship behavior. However, the mechanisms underlying this regulation remain undetermined. AVT could stimulate courtship in male newts by specifically affecting any one or all of the individual behaviors that lead up to and culminate in amplexus, each of which is elicited by unique releasing stimuli, or as a consequence of effects on general processes of attention, arousal, or anxiety.
AVT does enhance electrophysiological responses to cloacal pressure in reticulospinal neurons that modulate reflexive clasping, thus suggesting that AVT may affect stereotypical motor output associated with courtship by influencing somatosensory responsiveness in these neurons (Rose, Kinnard, and Moore, 1995) . However, nothing is known about whether AVT also affects responses to the stimuli that elicit earlier components of the courtship sequence. Female visual stimuli are important sexual signals in urodeles (Roth, 1987) , and reproductively active male T. granulosa do approach glass beakers containing a female newt, thus verifying that males of this species are attracted to the visual stimuli of females (Thompson, unpublished data) . Subsequent chemoinvestigation and clasp initiation are elicited by sex pheromones produced by female newts, as demonstrated by experiments showing that male newts will investigate and clasp rubber newt models only if they are scented with female chemical stimuli (Thompson, Tokar, Pistohl, and Moore, 1999) . AVT influences on responses to visual and/or olfactory sexual stimuli could thus underlie the peptide's stimulation of courtship behavior in this species. However, it is also not known whether AVT affects nonsexual behaviors. If it does, then the vasotinergic stimulation of courtship could be a consequence of general influences of the peptide on attention, arousal, or anxiety.
The first purpose of the present experiments was to determine if AVT stimulates appetitive responses to the visual and/or olfactory releasing stimuli that elicit courtship in this species. Additionally, we wanted to more fully elucidate the general mechanisms associated with this molecule's effects on courtship behavior. To do this we measured the range and stimulus specificity of behaviors affected by AVT. If AVT affects a central state of sexual motivation, then we predicted that AVT administration should similarly enhance responses to exclusively visual and olfactory female stimuli. On the other hand, if AVT independently affects sensorimotor mechanisms within different sensory modalities, then AVT administration should differentially affect responses to visual and olfactory sexual stimuli, perhaps exclusively affecting responses to one or the other. Alternatively, if AVT stimulates courtship by activating a general state of attention or arousal or by reducing general anxiety in a stressful testing environment, then we predicted that AVT administration should equally enhance behavioral responses to sexual and food-related stimuli. Furthermore, if AVT does affect courtship behavior in this species by stimulating general arousal, then we predicted that its administration would also increase locomotion/general activity in the absence of sexual or food-related stimuli.
METHODS
Sexually mature male T. granulosa were captured from local breeding ponds, transported to the laboratory, and housed together in tanks of dechlorinated water for 1 to 4 days before behavioral testing. No animal was used in more than one test. On the day of testing individual males were removed from the large holding tank and given an ip injection of 0.1 ml of vehicle (amphibian Ringer's saline) or Arg 8 -vasotocin (Bachem, Experiment 1; Sigma, Experiments 2 and 3) dissolved in vehicle. Stock AVT solution was made in glassware coated with silicone (Sigmacoat, Sigma), split into 1-ml aliquots, snap frozen on dry ice, and stored at Ϫ80°C until use. Dosages were chosen to be similar to those that effectively stimulated courtship clasping in a previous dose response study; in that study, 100-g ip injections significantly increased the incidence of courtship clasping, whereas dosages of 10 g or less were ineffective (Moore and Zoeller, 1979) . After being injected each male was placed into an individual testing tank (see below). Behavioral observations began 5 min after the injection and lasted 3.5 h. All behaviors were recorded with a video camera. A single observer who did not know the experimental treatments of the animals measured the behavioral data.
Sexually attractive female T. granulosa used as stimuli were captured in pit traps along the edges of drift fences that were set up around local breeding ponds between February and April (peak mating season). Females collected in this way are unmated and maximally attractive (Propper, 1991) .
Treatment of all animals used in these experiments complied with guidelines set forth by the Institutional Animal Use and Care Committee at Oregon State University. Experimental males and stimulus females were released after testing.
Experiment 1: AVT Effects on Behavioral Responses to Visual and Olfactory Sexual Stimuli by Spring-Captured Males
These studies used males that were captured and tested in early May, when courtship behaviors are rapidly declining in this species (Deviche, Propper, and Moore, 1990) . Behavioral responses to the visual and olfactory sexual stimuli were compared between saline-injected (0.1 ml) and AVT-injected (75 g/0.1 ml saline) males. Experiment 1A. Visual sexual stimuli. Males were individually tested in a black, square tank (25 ϫ 25 cm) filled to a depth of approximately 6 cm with dechlorinated water. A white, circular area was marked in the center of the tank (12 cm in diameter), and a 500-ml glass beaker (8 cm in diameter) with a single stimulus female was submerged in the center of the marked area. Each male was tested with a unique stimulus female. Two centimeters of the white area extended beyond the edges of the beaker on all sides. The total number of times the male's head entered the white area surrounding the beaker and the total amount of time the male spent with his head in the area (proximity) were recorded. These experimental procedures were developed after preliminary studies found that sexually active male newts (but not female newts) are attracted to glass beakers that contain a female, but not to empty beakers (Thompson, unpublished data) .
Experiment 1B. Olfactory sexual stimuli. Males were individually tested in a circular tank (27 cm in diameter) filled to a depth of approximately 6 cm. The floor of the tank was marked with eight triangular grids of equal area (drawn with a waterproof marker). Two realistic-looking rubber models of female newts (8 cm long) were placed in grids on opposite sides of the tank. Models were positioned with the heads touching the vertical edge of the tank and the tails pointing to the center of the tank. Males typically circle the tank under these testing conditions and so repeatedly come into contact with both models. One of the models was scented with female sex pheromone (see below) and the other, which provided identical visual and somatosensory stimuli, was not. Clasps of the models and the time spent in proximity to them (snout within the triangular grid drawn around each model) were measured. These bioassays of behavioral responses toward the pheromone were the same as those used in previous studies (Thompson et al., 1999) . Those studies found that sexually active males will clasp female-scented models but not unscented or male-scented models.
Models were made using a mold that was cast with a preserved female newt with plastic polymer in the "Worm Making Kit" from Cabela's (Sidney, NE). Models were realistically colored with brown backs and orange bellies. The scented models were dipped three times (5 s each) into ethanol in which sexually attractive females had previously been dipped. During this procedure females were held by the head and dipped tail first into 95% ethanol, taking care not to expose the eyes, for 10 s each, and then immediately placed into fresh water; 100 females were dipped into a total of 100 ml of ethanol. Twenty-five-ml aliquots were stored at Ϫ20°C. The unscented models were dipped three times (5 s each) into clean ethanol. All models were washed in hot water with detergent, rinsed, and allowed to air dry before being scented.
Experiment 2: AVT Effects on Behavioral Responses to Visual and Olfactory Sexual Stimuli by Fall-Captured Males
Males were captured and tested between October 15 and December 15, when AVT administration has been shown to stimulate amplectic clasping in non-breeding males (Moore and Zoeller, 1979; Moore and Miller, 1983) . Comparisons were again made between saline (0.1 ml) and AVT (100 g/0.1 ml) injected males of responses to exclusively visual female stimuli, as in Experiment 1A, and, in contrast to experiment 1B, to exclusively olfactory sexual stimuli.
Experiment 2A. Visual sexual stimuli. As in experiment 1A, males were tested individually, but in this experiment the testing arena was circular and larger (56 cm in diameter). The larger testing arena allowed better visualization of the behaviors on videotape. A submerged, clear beaker with a single female was again placed on a white, circular area marked on the floor in the center of the tank (20 cm in diameter). Six centimeters of the white area extended beyond the edges of the beaker. As in experiment 1A, the number of times the male's head entered the white area surrounding the beaker was recorded, as was the amount of time he spent with his head in the area (proximity).
Experiment 2B. Olfactory sexual stimuli. Males were tested individually in the same test buckets as had been used in experiment 1B. To remove all confounding visual and somatosensory sexual stimuli provided by the models, we measured responses to pheromone-scented, open-celled foam pads (2 mm thick). Pads were cut into triangles the same size as the grids marked on the bottom of the tank and soaked overnight in water that had been collected from sexually attractive females. This pheromone-scented water was collected the previous spring, as described in Thompson et al. (1999) . Briefly, 100 females were kept for 24 h in 100 ml of water in Tupperware containers. The water was then split into 25-ml aliquots and immediately frozen (Ϫ20°C). We changed to this method of pheromone extraction to avoid discomfort for the donor females. Female chemical stimuli collected in this way do stimulate males to clasp rubber models when the models are soaked overnight in the water (Thompson et al., 1999) . All pads were washed in hot water with detergent, rinsed, and allowed to air dry before being soaked in pheromone-containing water. A single, scented pad was attached in one triangular grid (described in experiment 1A) by Velcro. The time spent in proximity to the scented pads (nose above the pad) was measured.
Experiment 3: AVT Effects on General Activity and Behavioral Responses to Non-social Stimuli
Males for these experiments were captured and tested between October 15 and December 15 (the same time of year as experiment 2). Responses were compared in males injected ip with saline (0.1 ml) or AVT (100 g/0.1 ml).
Experiment 3A. General activity.
Males were individually tested in the same tanks that had been used for visual tests in experiment 2A, but the submerged beakers were empty. General activity was measured by dividing the bottom of the tank into three triangular grids of equal area and counting the number of line crossings each animal made during the test. All males were fed a mixture of redworms (Eisenia foetida) and tubifex worms the day before testing and then placed in clean tanks without food overnight.
Experiment 3B. Food-related visual stimuli. Males were individually tested in the same tanks that had been used for visual tests in experiment 2A, but the submerged beakers were either empty or contained three small redworms instead of a stimulus female. Behavioral measurements were as described in experiments 1A and 2A. Pilot studies demonstrated that males are attracted to glass beakers that contain moving redworms (data not shown). All males were fed a mixture of redworms and tubifex worms the day before testing and then placed in clean tanks without food overnight. Experiment 3C. Food-related olfactory stimuli. Males were individually tested in the same test tanks as described in experiments 1B and 2B. Foam pads were scented with water in which tubifex worms had been kept for 3 days. A single, food-scented pad was attached in one of the marked grids on the bottom of the testing tank, as described in experiment 2B. Behavioral measurements were also as described in experiment 2B. Pilot studies indicated that males spend more time in proximity to foam pads scented in this way (snout above the pads) than they do in proximity to unscented pads (data not shown). All males were fed a mixture of redworms and tubifex worms the day before testing and then placed in clean tanks without food overnight.
Experiment 3D. Feeding behavior.
Males were individually tested in a tank with four small redworms. The number of worms eaten at the end of a 3.5-h test was recorded for each saline or AVT injected newt. All males were fed a mix of redworms and tubifex worms ad lib. the day before testing and placed in clean tanks without food overnight.
Statistics
Independent t tests following square root transformations of the data were used to compare appetitive behavioral responses to sexual and food-related stimuli and levels of activity between saline and AVT injected males. However, extreme outliers and positive skew persisted even after square-root transformations of the data from experiment 1B (related to a subpopulation of males that clasped models). Therefore, nonparametric Mann-Whitney U tests were used to compare the time that saline and AVT injected males spent in proximity to the models, and signed-ranks tests were used for within-subjects, paired comparisons of the time each male spent in proximity to the scented vs the unscented model. Fishers exact tests were used to compare the frequencies of saline and AVT injected males that ingested at least one worm in experiment 3D, and Mann-Whitney U tests were used to compare the number of worms eaten by each male in the two groups.
Because AVT has repeatedly been shown to stimulate male-typical courtship behavior in roughskin newts (Moore and Zoeller, 1979; Moore and Miller, 1983; Moore, Wood, and Boyd, 1992) , an alpha level of P Ͻ .05, one-tailed, was required for statistical significance in all tests of appetitive responses to sexual stimuli. Responses to food stimuli were measured to determine the stimulus specificity of stimulatory effects of AVT, so one-tailed significance levels were also used in those tests. There are no published reports of AVT effects on activity in newts, and in frogs the direction of AVT effects on locomotor behavior differ as a function of developmental stage (Boyd, 1991) . Therefore, a two-tailed alpha level, P Ͻ .05, was required for statistical significance in the test comparing general activity between the groups.
One saline-injected animal in experiment 1B was not included in the data analysis because it was handled during the test. An additional saline-injected animal and one AVT-injected animal were also not included in the data analysis of experiment 1B because they displaced one of the models and so proximity scores could not be measured for the entire test period.
One AVT-injected animal in experiment 2A was not included in the data analysis because it was handled during the test.
RESULTS

Experiment 1A
Males injected with AVT spent significantly more time in proximity to visual sexual stimuli (glass beakers containing a female) than did saline-injected males (t ϭ 1.82, df, 56, P ϭ 0.035, one-tailed, Fig.  1A ). AVT-injected males did not make significantly more approaches to visual sexual stimuli than males injected with saline.
Experiment 1B
Both groups of males spent significantly more time in proximity to female-scented models than unscented models (saline: signed ranks z ϭ 2.46, P Ͻ 0.005, one-tailed; AVT: signed ranks z ϭ 2.81, P Ͻ 0.00001, one-tailed). There was not a significant difference between the groups in the time spent in proximity to the unscented models. On the other hand, AVT-injected males spent significantly more time in proximity to scented models than did saline-injected males (MannWhitney U ϭ 136, P ϭ 0.017, one-tailed, Fig. 1B ). There were not significant differences in the number of animals that clasped models at least once in the two groups.
Experiment 2A
AVT-injected males spent significantly more time in proximity to a visual sex stimulus than did salineinjected males (t ϭ 1.72, df 38, P ϭ 0.045, one-tailed, Fig. 2A ). The numbers of approaches to a visual sexual stimulus made by saline and AVT injected males were not significantly different.
Experiment 2B
Males injected with AVT spent significantly more time in proximity to a pheromone-scented foam pad than did males injected with saline (t ϭ 1.95, df 44, P ϭ 0.028, one-tailed, see Fig. 2B ).
Experiment 3A
AVT-injected males made significantly fewer line crossings in the absence of sexual or food-related stimuli than did saline-injected males (t ϭ 2.4, df 32, P ϭ 0.02, two-tailed, Fig. 3A) .
Experiment 3B
AVT-injected males spent significantly more time in proximity to a visual food stimulus than did salineinjected males (t ϭ 2.17, df 28, P ϭ 0.019, one-tailed, Fig. 3B ). There was not a significant difference in the amount of time spent in proximity to an empty beaker in the two groups.
Experiment 3C
Saline and AVT injected animals did not differ statistically in the time spent in proximity to an un- scented foam pad, nor in the time spent in proximity to a food-scented pad (Fig. 4A) .
Experiment 3D
There were no significant differences between the number of saline and AVT injected males that ingested at least one worm, nor between the groups in the number of worms ingested per animal (Fig. 4B) .
DISCUSSION
AVT administration increased the amount of time that male roughskin newts spent in proximity to female visual and olfactory stimuli at two times of the year when courtship behavior is not maximally expressed without concurrent AVT administration. The same treatment did not increase general activity, thus indicating that AVT does not affect courtship behavior by stimulating general arousal. In fact, AVT actually decreased locomotion/general activity when no sexual or food-related stimuli were present. AVT likewise decreases activity in tadpoles (Boyd, 1991) , as does AVP in rat pups , potentially as a function of anxiolytic effects of the peptide, as AVP has been shown to reduce behavioral measures of anxiety (Landgraf et al., 1995; Liebsch et al., 1996) . It has therefore been suggested that AVP affects social behavior by decreasing the anxiety associated with stressful, potentially aggressive interactions among individuals and/or by affecting the coping strategies used in such interactions (Koolhaas, Everts, de Ruiter, de Boer, and Bohus, 1998; Landgraf, Wotjak, Neumann, and Engelmann, 1998) . Although it is unlikely that social encounters with females are stressful for male newts, as there is no aggression directed toward males during these interactions, the testing procedures we employed likely were. However, AVT did not stimulate feeding nor enhance appetitive responses to food-related olfactory stimuli. If AVT affected behavior by reducing the anxiety associated with the testing procedures, which were similar in all experiments, then responses to these nonsexual but attractive stimuli should have been enhanced.
Attentional mechanisms have also been proposed to account for AVP's effects on behavior. Accordingly, the neuropeptide increases attentiveness to prominent stimuli in the testing environment (Bunsey et al., 1990) . Such a non-selective attentional mechanism could explain how AVT/AVP affect social behavior; increased attention to dominant stimuli in the testing environment, which are often exclusively social cues in experiments testing for peptide effects on social behavior, would likely result in increased responses to such attractive stimuli. However, if AVT stimulates a nonselective state of attention in newts, then again all responses to the different attractive stimuli should have been equally enhanced.
One interpretation of the present results is that AVT has central, motivational properties that stimulate appetitive responses to multiple sexual stimuli that are processed within different sensory modalities. Similarly, the effects of AVT on advertisement calling in male cricket frogs have been interpreted as reflecting enhanced sexual vigor (Chu et al., 1998) , as have the effects of vasopressin on sexual behavior in rats (Bohus, 1977) . However, though AVT administration enhanced appetitive responses to a female sex pheromone but not to food-related olfactory stimuli, appetitive responses to sexual and food-related visual stimuli were similarly enhanced by AVT. This lack of functional specificity for some of AVT's behavioral effects challenges the utility of such a motivational mechanism, which predicts that AVT should selec- tively enhance behavioral responses to female olfactory and visual stimuli. We therefore propose that AVT influences sensorimotor processes associated with individual responses to sensory-specific releasing stimuli, independently stimulating orientation/ attraction responses to female sex pheromones and to some visual feature common to female newts and worms. AVT could affect sensory mechanisms critical for the initial processing of the olfactory and visual stimuli that elicit appetitive behaviors, or lower the thresholds for motor output toward those releasing stimuli. Evidence that AVT can influence sensorimotor processes in roughskin newts comes from the work of Rose et al. (1995) , who demonstrated that AVT application potentiates electrophysiological responses to somatosensory and visual stimuli in reticulospinal medullary neurons.
Effects of AVT on Responses to Visual Stimuli
AVT administration increased the time that males spent in proximity to female visual stimuli, much of which was spent actively tracking the females as they moved inside the glass beaker, though it did not significantly increase the number of approaches toward the visual stimulus. Thus, AVT-injected animals may have been more likely to stay oriented toward the female stimulus once visually engaged. Responses to food-related visual stimuli were similarly enhanced. However, though previous studies have indicated that AVT administration stimulates courtship clasping when access to females is permitted (Moore and Zoeller, 1979; Moore and Miller, 1983) , we did not observe an enhancement of feeding behavior in the present study when males were presented with a natural food item. Therefore, AVT administration is unlikely to influence behavioral responses to female and food-related visual stimuli by enhancing separate motivational states related to sex and hunger. Rather, we propose that AVT influences orientation toward movement, a common stimulus feature of females and worms. This hypothesis is supported by electrophysiological observations; AVT potentiates responses to moving visual stimuli in reticulospinal medullary neurons involved in locomotion, although the critical visual stimulus features have not yet been verified systematically (Rose et al., 1995) .
Though not specific for female visual stimuli, such a visual sensorimotor mechanism could nonetheless be critical for reproductive success in this species by increasing the likelihood that a male will be the first to intercept a potential mate entering the breeding pond.
As would be predicted by this hypothesis, reproductively active males are not selective in the visual stimuli to which they are attracted. Although they spend more time near stimulus females kept in submerged glass beakers than do females, they spend as much time near stimulus males as they do near stimulus females in a choice test paradigm (unpublished data).
We cannot rule out peripheral contributions from ip AVT administration to the stimulation of behavioral responses to visual stimuli (and to olfactory stimuli, discussed further below). However, the homologous molecule vasopressin has been shown to cross the blood-brain barrier in mammals (Zlokovic, Hyman, McComb, Lipovac, Tang, and Davson, 1990) , so the behavioral effects of AVT observed in the present study are potentially a function of central, neuromodulatory influences of AVT. There are AVT immunoreactive cells and fibers in the pretectal nucleus isthmi (Lowry, Richardson, Zoeller, Miller, Muske, and Moore, 1997) , a visual processing region of the brain. Additionally, AVT content in the optic tectum, which modulates orientation responses to moving stimuli in vertebrates, is sexually dimorphic in newts and varies seasonally, being highest during the winter/spring breeding season (Zoeller and Moore, 1986) . Direct AVT application does affect electrophysiological responses to visual stimuli in this region of the newt brain (Rose, Marrs, and Moore, 1997) , thus suggesting that AVT could modulate orientation responses to visual stimuli via effects within the optic tectum.
Effects of AVT on Responses to Sex Pheromones
AVT increased the time males spent in proximity to female-scented newt models but not to unscented models that provided identical visual and somatosensory sexual stimuli (experiment 1B). We have previously shown that a sex pheromone produced by females and used to scent models elicits amplectic clasping by males in reproductive condition (Thompson et al., 1999) . Although most males did not clasp scented models in the present study, they regularly investigated them via direct snout contact, an appetitive behavioral pattern typically observed immediately before males clasp females under natural conditions (personal observations). Measures of the time spent in proximity to the models did include the time spent clasping them, but AVT increased the time spent in proximity to the scented models, even though it did not increase the occurrence of clasping. Thus, chemo-sensory investigation, and not reflexive clasping in response to the pheromone, was stimulated by AVT. Experiment 2B indicated that AVT stimulates appetitive responses to the pheromone independent of effects on the integration of olfactory with the visual and/or somatosensory cues associated with the models used in experiment 1B. In experiment 2B, AVT increased the time males spent in proximity to femalescented pads even though the pads were devoid of female-typical visual or somatosensory stimuli. Furthermore, these effects appear selective for sexual pheromone stimuli, as analogous behavioral responses to food-related olfactory stimuli were not enhanced by AVT. AVT binding sites and/or immunoreactive fibers have been identified in regions of the newt brain that potentially process pheromonal stimuli, including the olfactory bulb, amygdala, medial pallium, lateral pallium, and septum (Boyd and Moore, 1991; Lowry et al., 1997; Tripp and Moore, 1988) .
Comparisons with Other Species
A mechanism whereby AVT affects courtship behavior in male newts via influences on sensorimotor processes important for behavioral responses to species-specific social stimuli is consistent with one that could explain many of AVP's effects on social behavior in mammals. As noted by Engelman et al. (1996) , many of the reported effects of AVP on social behavior may reflect influences on olfactory sensorimotor processes, including effects on aggressive (Ferris et al., 1997; Ferris and Potegal, 1988) and sexual behaviors (Bohus, 1977) . AVP administration increases c-fos expression in specific, olfactory-sensitive regions of the hamster brain, and the effects of AVP on social recognition in rats (Dluzen, Muraoka, Engelmann, and Landgraf, 1998; Engelmann and Landgraff, 1994) and on affiliative behavior in voles (Young, Nilsen, Waymire, MacGregor, and Insel, 1999) have been shown to involve, at least in part, specific influences on the processing of olfactory social stimuli.
Effects of AVT on social behavior in anurans, most notably on advertisement calling (Boyd, 1994; Diakow, 1978; Marler et al., 1995; Penna et al., 1992) , could likewise involve influences on the sensorimotor processing of species-typical social stimuli in this group of animals, albeit upon auditory and not olfactory ones. Such a proposal has been made by Boyd (1994) , who demonstrated that AVT affects calling in male bullfrogs and phonotaxis in females in response to isolated auditory stimuli (call playbacks). Effects of AVT on auditory sensorimotor processes have in fact been demonstrated; AVT influences auditory responsiveness in tectal neurons in green tree frogs (Penna et al., 1992) . Consistent with this hypothesis, AVT stimulates advertisement calling in male spadefoot toads, but not clasping once contact with a female occurs (Propper and Dixon, 1997) . Thus, AVT may only influence perceptual and/or motor processes related to acoustic communication in anurans.
AVT has also been shown to affect overt sexual and aggressive behavior, as well as song, in several avian species in response to a combination of auditory and visual social stimuli (Castagna et al., 1998; De Kloet, Elands, and Voorhuis, 1993; Goodson, 1998a, b; Goodson and Adkins-Regan, 1999; Voorhuis et al., 1991) . On the other hand, exogenous AVT induced singing in female white-throated sparrows in the absence of external visual or auditory social stimuli (Maney et al., 1997) , thus suggesting that AVT might affect the motivation to sing or directly activate fixed-motor patterns involved in song production. Similarly, exogenous AVP stimulates stereotypical flank marking in hamster (Ferris et al., 1984; 1985) and squirrel monkeys (Winslow and Insel, 1991) and spawning in male killifish (Pickford and Strecker, 1977) in the absence of social/olfactory releasing stimuli. Furthermore, AVT infusions in the preoptic area inhibit motor patterns associated with species-typical vocalization in plainfin midshipmen, a teleost fish, and AVT antagonist infusions stimulate these motor patterns, thus demonstrating that AVT can in fact modulate stereotypical motor output (Goodson and Bass, 2000) . It is possible that endogenous AVT/AVP modulates such behaviors via socially or environmentally induced release within brain circuits that directly activate motor output. In fact, AVT/AVP likely affects multiple sensorimotor mechanisms, from the initial stages of stimulus processing to the ultimate activation of motor output in response to species-specific social releasing stimuli. Together, such influences provide a mechanistic basis for understanding socially motivated behaviors in vertebrates.
